MobB is a small (molecular weight ‫؍‬ 15,097) protein encoded by the broad-host-range plasmid R1162 and is required for its efficient transfer by conjugation. The C-terminal half of the protein contains a membrane domain essential for transfer. This region can be replaced by a putative membrane domain from another, unrelated protein, and thus is likely to function independently from the rest of MobB. The other, functionally active region of MobB, identified by mutagenesis, is at the N-terminal end. One mutation affecting this region inhibits replication, suggesting that this part of the protein is contacting and sequestering the relaxase-linked primase. The overall organization reflects a multimeric and bipolar organization, with molecules of MobB anchored in the membrane at one end and engaging the relaxase at the other. This arrangement could increase the transfer frequency by raising the probability of contact between the relaxase and the membrane-embedded, coupling protein for type IV secretion.
In most bacteria, transfer of plasmid DNA by conjugation is essentially a specialized form of type IV secretion (12) . Relaxase, a plasmid-encoded protein, cleaves one of the plasmid DNA strands at a unique locus called the origin of transfer (oriT) (6) . Cleavage takes place by a transesterification, with the protein becoming covalently linked to the DNA by a tyrosyl 5Ј-phosphodiester bond. Relaxase, with or without its attached DNA, is targeted to the type IV secretion machinery and secreted into a recipient cell. If a DNA strand is attached, it is unwound from its complement and pumped into the recipient as well, by a mechanism that is not yet understood.
Some large plasmids, including the F factor and the similar plasmids R1 and R388, and those of the IncP group (RP1, RK2, R751, and others) encode their own type IV secretion system (6) . However, many plasmids encode a relaxase but recruit the type IV secretion systems encoded by other plasmids (10) or even by the chromosome (34) . In either case, the relaxase of the mobilizable plasmid must be able to recognize the type IV mating pore efficiently to ensure the rapid spread of its DNA. Recognition of the pore takes place at the coupling protein, a component of the type IV secretory system. The coupling protein is embedded in the membrane but extends into the cytoplasm to engage the relaxase (13) .
Plasmids often encode small accessory proteins which assemble at oriT, along with relaxase; the resulting complex of proteins is called the relaxosome. These proteins increase the efficiency of transfer, but how they accomplish this is not fully understood. The small protein TraM, encoded by F and R1 and probably the most thoroughly studied of the accessory proteins, binds to defined sites on the oriT DNA (7) and also binds to the cytoplasmic, C-terminal part of TraD, the coupling protein (1, 8, 18) . Thus, TraM could directly promote the entry of plasmid DNA into the type IV secretory pathway. At the same time, TraM also stimulates both relaxosome-induced nicking and unwinding by the relaxosome-linked helicase (17, 21, 33) .
Members of the IncQ group of mobilizable plasmids, exemplified by R1162 (RSF1010), are found in many different bacterial species. The relaxases encoded by these plasmids belong to a protein family distinct from the F or IncP1 families (32) , and the accessory proteins required for transfer also appear to be different. One of these accessory proteins is MobB (molecular weight ϭ 15,097). This protein increases by 2-fold the fraction of nicked relaxosomes isolated from the soluble fraction of cell lysates or assembled in vitro from purified components (23, 29) . In addition, binding of the relaxase at oriT negatively regulates adjacent promoters (11) , and MobB is required for full repression (24) . The protein thus appears to stabilize the relaxase-DNA complex, but this effect is rather small, compared to the 100-to 1,000-fold decrease in the transfer frequency of a plasmid containing an inactivating deletion in mobB (24) . These observations led to the expectation that MobB is functioning some way in transfer in addition to stabilizing the relaxosome. This was confirmed by the demonstration that MobB is required for type IV secretion of the relaxase itself, unlinked to DNA (22) . It was also shown that MobB is membrane-associated, a property not expected of a molecule that is simply acting as a stabilizing component of the relaxosome.
We show here that the membrane domain of MobB, located on the C-terminal half of the protein, is essential for transfer, and also that it may be substituted by the putative membrane domain of an unrelated protein. In addition, the cytoplasmic, N-terminal region of MobB is a second domain also required for transfer. A mutation in this region can inhibit plasmid replication, when MobB is moderately overexpressed in trans. These results suggest a mechanism where MobB, anchored in the membrane, contacts and sequesters the essential plasmid replicative primase.
MATERIALS AND METHODS
Bacterial strains and plasmids. The Escherichia coli K-12 strains used in the present study include MV10 (C600⌬trpE5) (16) and M15(pREP4), from Qiagen, Inc., and a derivative of C600 resistant to nalidixic acid (C600-Nal r ) (9) . The plasmid pREP4 is a medium-copy-number plasmid containing a cloned copy of lacI. Three sets of plasmids, each containing mobB or a mutated derivative of this gene, were constructed for the present study (Fig. 1) . The first set consists of derivatives of R1162 itself, and the construction of some of these [R1162⌬oriT, R1162⌬mobB(Q25-V73), and R1162⌬mobB(Q48-L101)] has been described previously (23, 24) . Introduction of a point mutation to generate a KpnI site in mobB (Fig. 2) has also been described (15) . Additional mutations and deletions ( Fig. 2) were introduced in vitro by standard methods.
Two sets of plasmids containing cloned mobB were also constructed: these are shown in Fig. 1 . Plasmids with the structure shown in Fig. 1A are derived from the high-copy vector pQE60 (Qiagen, Inc.) and were used for measurements of transfer frequency when the membrane domain of MobB has been mutated ( Fig.  3) for membrane fractionation and Western analysis (Fig. 4) and for estimation of protein toxicity following induction (Fig. 5) . Expression of MobB (fused to a 6ϫhis tag) is from a bacteriophage T5 promoter under lacO control. The first plasmid in the series was constructed by PCR amplification of mobB, followed by cloning into the BamHI site of pQE60. Mutations were introduced by PCR amplification from R1162 or by direct mutagenesis. The putative membrane domain of MobX was cloned after amplification from a derivative of plasmid pSC101 (5) . Plasmids were maintained in E. coli M15(pREP4).
A second set of plasmids (Fig. 1B) is based on the medium-copy-number vector pACYCY184 (4) . In these, a copy of mobB was inserted downstream from the tet promoter by cloning a BmgB1 fragment from R1162 at the EcoRV site. DNA containing mutations in mobB were also transferred from R1162 in this way. The resulting plasmids were used to examine the effects of mutations in the N-terminal region of MobB on transfer and maintenance of an R1162 derivative resident in the cell ( Fig. 6 and 7) .
A derivative of pREP4 encoding FrdD-his under ara control was constructed for the Western analysis. The plasmid pFrdD-6ϫhis (19) was digested with BsrB1, and a fragment containing araC and frdD was cloned at the unique SmaI site of pREP4. An R1162-pBR322 chimera was created by joining the plasmid DNAs at the EcoRI site.
Mating frequencies. Bacteria were mated on semisolid agar medium as described elsewhere (3). The donor strain was MV10 (Fig. 6 ) or M15(pREP4) (Fig.  3) containing one of the test plasmids; the strains also contained the IncP1 plasmid R751, which mobilizes R1162 efficiently (36) . The M15 donor strains containing one of the pQE60 derivatives were grown without induction, because MobB is expressed constitutively at a level sufficient for complementation. Transconjugants were selected on semisolid broth medium containing streptomycin sulfate and nalidixic acid (each at 25 g/ml). Donor cells were selected and enumerated on medium containing streptomycin alone. The ratio of donors and recipients in the population of mating cells was approximately 1:10.
Efficiency of transformation. Competent cells were transformed with a saturating amount of test plasmid DNA and pACYC177, mixed at a molar ratio of 5:1. About 1 g of total DNA was used for each transformation. Transformants were plated at various dilutions on medium containing chloramphenicol (25 g/ml) and separately on medium containing kanamycin (25 g/ml). When R1162 or a derivative was present in the recipient (Table 1) , the selection medium also contained streptomycin.
Toxicity of MobB. Cells of M15(pREP4) also containing one of the pQE60 derivatives ( Fig. 1 ) were grown at 37C in broth medium containing ampicillin (100 g/ml) and kanamycin to approximately 5 ϫ 10 8 cells/ml, determined by optical density (OD). IPTG (isopropyl-␤-D-thiogalactopyranoside) was then added to 0.5 mM final concentration and incubation continued for 2 h. The increase in cell density after induction ( Western gel analysis. M15 cells containing one of the pQE60 derivatives (Fig.  1A) , and a pREP4 derivative containing the cloned genes araC and frdD-his, were grown in 50 ml of broth medium containing ampicillin, kanamycin, 0.01 mM IPTG, and 0.04% arabinose to approximately 8 ϫ 10 8 cells/ml. The cells were collected by centrifugation (6,000 ϫ g, 8 min, 4°C). Soluble and membrane fractions were subsequently prepared by the method of Roy and Isberg (26) , except that spheroplasts were sonically disrupted in buffer containing 50 l of protease inhibitor (Sigma catalog no. P8849). Samples were applied to a Tricinesodium dodecyl sulfate-polyacrylamide gel (16% total acrylamide, 6% bisacrylamide) (27) for electrophoresis. Separated proteins were transferred to a nitrocellulose membrane by electroblotting and the his-tagged proteins detected with antibody. The primary antibody was rabbit anti-His (Genescript) at 1:2,500, and the secondary antibody was goat anti-rabbit (alkaline phosphatase [AP] conjugated) at 1:10,000. Labeled proteins were visualized by an alkaline phosphatasemediated reaction (Alk Phos detection kit; Novagen).
RESULTS
Insertion of MobB into the membrane is required for MobB activity during transfer. R1162 derivatives having in-frame deletions within mobB are transferred at various frequencies (24) . These frequencies are well above the undetectable level encountered when the essential relaxase is inactive (24) . To determine the exact contribution of MobB to the transfer frequency, the gene was completely deleted in R1162 to create the derivative pUT2070. The amino acid sequence of MobB is shown in Fig. 2 ; with the complete, in-frame deletion only the first three residues (MNA) are encoded. R1162 itself is mobilized at a frequency of 4.3 ϫ 10 Ϫ3 transconjugants per donor by the IncP1 plasmid R751 (24) . The deletion in pUT2070 decreased the transfer frequency approximately 2 to 3 orders of magnitude. The normal frequency of transfer was restored by MobB-his (22) , provided in trans (Fig. 3) .
MobB is associated with membranes purified by sucrose density sedimentation and has a putative membrane domain (H92-T121), identified from the amino acid sequence (22) . We first sought to determine whether this region was in fact re-FIG. 1. Two sets of plasmids (A and B) containing a cloned copy of mobB. The parental vector is indicated in each case. In set A, expression of mobB is from a T5 promoter under lac control. MobB and derivatives all contain a terminal 6ϫhis tag. In set B, the gene for tetracycline resistance (tet) has been inactivated by mobB, and transcription is from the tet promoter. Below the general plasmid maps are the different MobB proteins encoded by each set. Changes in the protein (see Fig. 2 for details) are indicated in parentheses: deletions are designated according to the missing amino acids, restriction enzymes refer to sites for these enzymes introduced into the coding sequence, and MD-MobX refers to the putative membrane domain of MobX.
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on July 7, 2017 by guest http://jb.asm.org/ quired for membrane association. As shown earlier (22) and in Fig. 4 , MobB-6ϫhis could be detected on Western gels loaded with a purified membrane preparation. Some of the protein migrated in the gel as a monomer, but most migrated more slowly, perhaps because of aggregation, even under the denaturing conditions of the gel. This additional band was not due to an E. coli protein cross-reacting to antibody, because it was not observed when MobB was absent from the cell (Fig. 4) . In contrast, very little of the protein appeared in the membrane when the putative membrane binding region, H92-T121 (Fig.  2) , was deleted from MobB-6ϫhis (Fig. 4) . The results support the idea that MobB is localized to the membrane and also that this localization requires the amino acids making up the putative membrane domain. MobB⌬(H92-T121) was also no longer able to complement pUT2070 for transfer, The transfer frequency of pUT2070 was the same as the frequency when MobB was absent (Fig. 3) , indicating that this region of the protein is essential for transfer. However, the effect of ⌬(H92-T121) on transfer, or insertion into the membrane, could be indirect. The deletion is large compared to the overall size of MobB, and it could affect the activity of other parts of the protein or its overall stability.
To address this question, we took advantage of the observation that overproduction of MobB is highly toxic and resulted in cessation of growth within 15 min after induction (Fig. 5) . The protein containing the H92-T121 deletion was no longer toxic, whereas insertion of one of the membrane-spanning domains of fumarate (residues F18 to L44 of that protein [35] ) restored toxicity. It seemed likely, therefore, that membrane insertion was the basis of the toxic effect. We introduced mutations into mobB intended to reduce the overall hydrophobicity of the membrane domain, and thus likely to interfere with insertion into the membrane. These were then screened for partial relief of toxicity after induction. The changes V109D and V108D V109D were found to reduce toxicity, with the double change having the greater effect (Fig.  5) . When the MobB derivatives containing these changes were tested for complementation of pUT2070 in mating, the frequency of transfer was reduced in both cases (Fig. 3) . The effects of the mutations on toxicity and transfer were coordinate, with the double mutation having the greatest effect. The greater toxicity of MobB(V109D) and its stronger complementing behavior, compared to MobB(V108D V109D), suggests that membrane insertion is directly relevant to the role of MobB in transfer.
We also sought to determine whether the V109D and V108D V109D MobB derivatives complemented for transfer pUT1371, another derivative of R1162, isolated previously (23) . This plasmid contains a large, in-frame deletion in mobB that removes half of the membrane domain, as well as adjacent amino acids beginning at Q48 (Fig. 2) ; in all, ca. 47% of the protein. As might be expected, pUT1371 generally behaved like pUT2070 with the complete deletion. It was completely inactive, complemented by MobB, and again this complementation required the complete membrane domain (Fig. 3) . However, whereas the MobB derivatives with the mutations V109D and V108D V109D had very little complementing activity with pUT2070, pUT1371 was complemented to a significant degree (Fig. 3) . In the case of MobB(V109D), complementation resulted in a transfer frequency that was the same as for MobB itself (that is, the mutation was silent). These results show that there was ␣-complementation of the MobB protein encoded by pUT1371. This suggests that MobB forms a multimeric complex on the relaxosome, a result in agreement with the high molar amounts of MobB detected in relaxosomes assembled in vitro (29) .
Replacement of the MobB membrane domain with a putative membrane-inserting domain from another plasmid can partially restore activity. Because insertion of one of the membrane-spanning domains from fumarate reductase restored the toxicity of MobB (Fig. 5) , we sought to determine whether this insertion also increased the frequency of transfer. There was little or no increase (Fig. 3) , either because the overall structure of the hybrid protein was too altered to be active, or part of the membrane domain makes specific contacts with the rest of the relaxosome. We decided to test a putative membrane domain that was likely to function similarly to the membrane domain in MobB. The plasmids R1162 and pSC101 have similar oriTs, and the relaxases are closely related (20) . However, pSC101 does not encode a protein homologous to MobB; there is, however, a single accessory protein for transfer, MobX, with a likely membrane domain located in the C-terminal half of the molecule. It is important to note that MobB and MobX are unrelated, and MobX cannot substitute for MobB in transfer (20) . We linked the DNA encoding the membrane domain of MobX to part of mobB. The resulting hybrid protein consisted of MobB, up to the beginning of the membrane domain, fused to the membrane domain of MobX (Fig. 2) . This protein, MobB(MD-MobX), was inserted into the membrane of the cell, as shown by Western analysis (Fig. 4) . In addition, the protein was now toxic after induction (Fig.  5 ). Most importantly, the fusion protein partially complemented pUT2070 for transfer (Fig. 3) . These data suggest that the membrane domain is functionally independent, at least in part, from the rest of the molecule. The N-terminal region of MobB is important for transfer. Although the deletion derivative MobB⌬(Q48-L101) is inactive, other large deletions can result in a protein that retains considerable activity. For example, the mobilization frequency of pUT1530, an R1162 derivative encoding MobB⌬(Q25-V73) (Fig. 2) , is ca. 10 to 30% of the normal rate (Fig. 6) (24) , although about a third of the protein has been deleted. This protein can also complement pUT2070 for transfer (Fig. 3) and is highly toxic when overproduced (Fig. 5) . It therefore seemed likely that the N-terminal end of MobB, retained in MobB⌬(Q25-V73), is important for transfer, in addition to the C-terminal membrane domain. To test this idea, mobB DNA was first engineered to introduce a XhoI site at the beginning of the open reading frame, and a KpnI site in the middle (Fig. 1) . The resulting R1162 derivative is still active for transfer (Fig. 6) . Deletion of the intervening DNA results in a plasmid encoding MobB⌬(I4-A74); the deleted amino acids include those in pUT1530, plus additional amino acids at the N-terminal region of the protein (Fig. 1) . The transfer frequency of R1162 encoding this fragment was no greater than pUT2070, with the complete deletion of mobB (Fig. 6) . Although the large size of the deletion meant that complete inactivation of the protein was possible, the results were consistent with the importance of the amino-terminal end of MobB in transfer.
The density of positive charge is predicted to be high for the first 14 amino acids of MobB. We therefore decided to focus on the basic amino acids in this region as possibly active residues. The pair of lysines in this region were changed to alanines and also to arginines, and the resulting plasmids tested for transfer. We thought that if the charge carried by the lysines was important, then the K8A K9A mutations should affect transfer, whereas the mutations to arginine might be less deleterious. In fact, both changes had nearly the same effect as the I4-A74 deletion and lowered the transfer frequency to nearly the level of pUT2070 alone (Fig. 6) . These results show that N-terminal amino acids are important for the activity of MobB in transfer.
Although the mating frequencies of R1162 derivatives containing either the K8A K9A or K8R K9R mutations were about the same (Fig. 6) , the mutations had different effects when they were introduced into a copy of mobB cloned into pACYC184 (4) . When the resulting plasmids were used to transform a plasmid-free strain to chloramphenicol resistance (Cm r ), similar numbers of healthy transformants were obtained in all cases. In contrast, when a strain containing pUT2070 was transformed, with selection as well for the resident plasmid, only the empty vector gave healthy Cm r colonies: transformants with the MobB or MobB(K8A K9A) plasmids FIG. 7 . Transformation of MV10(pUT2070) with pACYC184 or with a derivative containing a cloned mobB. Transformed cultures were diluted 1:100 (no MobB, no mutation, or K8A K9A) or left undiluted, and 50 l was spotted onto a plate containing chloramphenicol and streptomycin (25 g of each) . showed relatively poor growth (Fig. 7) . In addition, we were unable to get bona fide transformants when the incoming pACYC184 derivative encoded MobB(K8R K9R). These results are shown semiquantitatively in Table 1 : test plasmid DNA (Fig. 1B ) and pACYC177 DNA (encoding kanamycin resistance [Km r ]) (4) were mixed at a constant ratio prior to transformation. Transformants were separately selected on medium containing chloramphenicol or kanamycin, and the ratios of Cm r to Km r colonies were then calculated. When the recipient was the E. coli K-12 strain MV10, the ratio of transformants was similar in all cases. In contrast, while test plasmids encoding MobB or MobB(K8A K9A) could transform MV10(pUT2070), no or very few transformants were obtained for the plasmid expressing MobB(K8R K9R). The very few transformants that were found in some trials contained plasmids with mutations. These mutations were in the entering plasmid, and retransformation of MV10(pUT2070) with this plasmid resulted in the appearance of Cm r colonies at high frequency.
The transformation results suggested that MobB was interfering in some way with the maintenance of pUT2070, and this interference was exacerbated by the K8R K9R substitutions. The relaxosome proteins that bind at oriT not only nick the DNA but also repress transcription from adjacent promoters (11) . MobB with the K8R K9R replacements could increase nicking of the resident pUT2070, which in turn could interfere with replication of this plasmid. Alternatively, MobB(K8R K9R) could effectively induce the relaxosome to become a "super-repressor," downregulating transcription of the genes, mobA (repB) and repBЈ, which encode the primase essential for R1162 replication (30) . In agreement with these explanations, when MV10(pUT2070) was transformed with the K8R K9R plasmid and cells selected only on medium containing chloramphenicol, the number of transformants was greater than when streptomycin was also present, but pUT2070 was unstable and lost upon purification (data not shown).
Models involving either nicking or regulation, however, could be excluded. The plasmid pUT2071 is identical to pUT2070, except that the tyrosine essential for nicking by the relaxase (28) has been changed by mutation to the inactive phenylalanine. When the pACYC184 derivative encoding MobB(K8R K9R) was used to transform MV10 containing this plasmid, transformants were still not obtained (data not shown). In addition, deletion of oriT, the effective operator for repression by the relaxase (28), does not increase the number of transformants (Table 1) , ruling out super-repression of adjacent promoters. However, MobB(K8R K9R) probably does interfere with replication of R1162. When recipient cells contain R1162 and pBR322 (2), cells are transformed at a low frequency. When these two plasmids, which have similar copy numbers, are present instead as a covalently joined chimera, the transformation frequency is now high and similar to the transformation frequency of plasmid-free cells (Table 1) . A likely explanation is that an inhibited R1162 replicon is rescued by the fused, unrelated replicon of pBR322. In any case, this result shows that inhibition is not due to a toxic product formed by MobB(K8R K9R) and one of the other gene products of R1162 or to a nonspecific replication roadblock on the DNA.
DISCUSSION
One of the central steps in conjugation is recognition of the type IV coupling proteins by the plasmid-encoded relaxase. For some plasmids at least, this recognition is inherently inefficient in vivo. In the absence of MobB, R1162 is no longer efficiently mobilized by an IncP1 plasmid (Fig. 3) , and the relaxase itself is not detectably secreted (22) . R1162 can be transported by several different type IV secretion machines, including those involved in pathogenesis (31, 34) . In view of this promiscuity, it might be expected that the interaction between diverse coupling proteins and MobA, the plasmid relaxase, would have limited specificity, and that some mechanism would have evolved to increase the rate of transfer. The results presented here make clear that MobB is part of such a mechanism. This mechanism involves anchoring of the C-terminal end of the protein to the membrane and an interaction with the relaxosome at the N-terminal end. Since secretion of MobA is MobB dependent, this interaction presumably involves contacting the relaxase itself. Insertion into the membrane could increase the probability of contact between the relaxase (and its attached DNA) with the coupling protein by replacing diffusion in the three-dimensional cytoplasm with diffusion in the two-dimensional membrane.
A putative membrane-spanning domain in MobB was first identified by analysis of its amino acid sequence, and the protein was subsequently shown to be associated with isolated membranes after fractionation (22) . Deletion of this domain inactivates the protein for transfer and eliminates its association with the membrane. These results are consistent with the idea that this region enables insertion into the membrane and also that this insertion is required for activity. Another interpretation is that the deletion simply destabilizes the protein sufficiently so that much of it is degraded, but other observations argue against this. Point mutations reducing the hydrophobicity of the domain, resulting in the proteins MobB(V108D) and MobB(V108D V109D), have roughly commensurate effects on the interaction with the membrane, measured by the toxicity of the protein, and on the frequency of transfer (Fig. 3 and 5 ). In addition, such proteins show intragenic complementation of MobB⌬(Q48-L101). It would be necessary to argue for a finely modulated degradation, greater for MobB(V108D V109D) than for MobB(V108D), to account for these results. Lastly, the membrane domain can be replaced by a putative domain from another protein. The resulting hybrid is quite different from MobB, but transfer is partially restored and the protein appears in the membrane.
The formation of multimers seems to be an intrinsic property of MobB and was first suggested by the high molar amounts of MobB in relaxosomes assembled in vitro (29) . Gel electrophoresis, even under denaturing conditions, reveals the apparent association of MobB monomers (Fig. 4) , and multimerization also would explain the intragenic complementation of MobB⌬(Q48-L101) by MobB(V109D) and MobB(V108D V109D) (Fig. 3 ). An unanswered question is what part of MobB is required for multimerization. One possibility is that the hydrophobic membrane domain is primarily responsible, with enough of this domain remaining in MobB⌬(Q48-L101) to allow for complementation. A multimeric complex formed by such an association could create a large enough disruption VOL. 193, 2011 FUNCTIONAL ORGANIZATION OF MobB 3909 on July 7, 2017 by guest http://jb.asm.org/ in the membrane to be toxic when the protein is overproduced. If the slower-moving band during gel electrophoresis (Fig. 4) reflects multimerization, it is not visible for the hybrid protein (MD-MobX). The membrane domain in this case might not form multimers, or the domain might be improperly inserted to do so. This could be one cause of the incompletely restored frequency of transfer. On the other hand, the protein is still quite toxic after overproduction. Although the relaxases of R1162 and pSC101 are closely related (20) , the corresponding accessory proteins MobB and MobX are dissimilar, at least at the level of primary amino acid sequence. In addition, MobB and MobX cannot complement each other for transfer. The observation that a hybrid MobB, containing the putative domain from MobX, is partially active argues that the membrane domain is semi-independent, at least, from the rest of the protein. In addition, the substitution shows that MobB is oriented with the N-terminal end extending into the cytoplasm, since the complete C-terminal region has been deleted (Fig. 2) . Because the central part of MobB can be deleted and substantial activity for transfer nevertheless retained (Fig. 6) , it is the amino-terminal end of the protein that probably interacts with the relaxase. Consistent with this, point mutations in this region inactivate MobB for transfer (Fig. 6 ). The two sets of mutations causing the changes K8A K9A and K8R K9R have similar effects when present in R1162, but when the mutated mobB is cloned in pACYC184 the different effects of the two are revealed. A plasmid containing unmutated mobB or mobB (K8A K9A) resulted in smaller, variably sized colonies when pUT2070 is also present, whereas it was not possible to construct a strain containing pUT2070 and cloned mobB (K8R K9R) ( Table 1 and Fig. 7) . Expression of mobB in the cloned derivatives is due to transcription from the tet promoter, and this is probably resulting in higher levels of MobB in the cell. When the mutations are in R1162, the relaxosome represses transcription by binding at oriT: repression is still maintained sufficiently when the mutations are present to prevent the toxic effect of the K8R K9R substitutions. This interpretation is consistent with the observation that R1162(⌬oriT) is still incompatible with MobB(K8R K9R); that is, the protein is not acting by changing the level of repression at oriT. The result also emphasizes that there is an important interaction between MobA and MobB that is separate from relaxosome assembly at oriT. This was first suggested by the observation that a hybrid relaxase can be constructed which is active on the R1162 oriT, but which now (partially) responds to MobX instead of MobB in transfer. This hybrid contains a segment of the pSC101 relaxase, insufficient for binding or nicking DNA, but which presumably now allows it to be recognized by the cognate accessory protein MobX.
What then is the mechanism of inhibition by MobB(K8R K9R)? When pBR322 and R1162 are in the cell, there is still significant inhibition of transformation by a plasmid encoding this protein. The inhibition is less severe than when R1162⌬mobB is the resident plasmid, possibly because R1162 is encoding a competing, normal MobB. However, when cells containing a R1162-pBR322 chimera are transformed, inhibition is completely relieved. The R1162 relaxase consists of two major regions, the N-terminal half required for nicking and the C-terminal half composed of a DNA primase that is active at the plasmid origin of replication and required for replication (14) . The primase is also synthesized separately as a short form unlinked to MobA (30) . We propose that MobB binds MobA for delivery to the type IV secretory apparatus, but this binding makes the protein unavailable for replication. Expression of mobB from the tet promoter results in higher levels of protein in the cell; greater amounts of MobA are sequestered, and replication is disturbed. In this interpretation, the K8R K9R substitutions increase sequestration of MobA and result in no free primase in the cytoplasm for replication of plasmid DNA.
An important implication of this model is that both the full-length and short forms of the primase must be blocked. We showed previously that two regions of MobA, which we called sig1 and sig2, are involved type IV secretion (22) . sig1 maps within the relaxase region, and sig2 maps within the domain containing the primase. Either sig1 or sig2 is sufficient for secretion, but both are strictly MobB dependent. Thus, MobB could be binding to sites within sig1 and sig2; since both the relaxase and primase domains are being contacted, both the full-length and the short forms of the primase could be affected.
